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Coordination chemistryThis review article examines the impact of zero-dimensional compounds in the ﬁeld of magnetic refrig-
eration, 20 years after the modern age of molecular magnetism began. The remarkable advances in this
area are brought out here by an examination of 3d, 3d–4f and 4f molecular compounds and more recent
polymeric materials; we then assess which of these shows most promise for this application.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY license. 1. Introduction
When the ﬁrst single-molecule magnet (SMM) was discovered
in 1993 [1] it ushered in a change in the old discipline of mag-
neto-chemistry and the beginning of a new one, molecular magne-
tism. A ‘‘side-product’’, distinct from the anisotropic high spin
clusters, were magnetocaloric molecules, based on electronically
isotropic metal clusters, using metals with high spin values, such
as gadolinium(III), manganese(II) and iron(III). We should really
say that this ﬁeld was rediscovered by inorganic chemists. Since
Giauque used [Gd2(SO4)38H2O] to achieve low temperatures in
the early 1930s [2a], much research, particularly with alloys and
metallic materials has followed, the major successes of which are
refrigeration proto-types of gadoliniummetal at room temperature
[2b–d] and the gadolinium gallium garnet (GGG) [2e] for low tem-
perature work. Molecular magnetism has greatly beneﬁted from an
unprecedented collaboration between physicists and chemists in
recent years and we have a much improved understanding of what
is required to improve the performance of magnetic refrigerants.
This understanding suggests improvements can bemade, regardingthe effect of factors such as anisotropy, spin and molecular interac-
tions [2f,g]. Therefore, this review article will survey the literature
since the beginning of this new age, by examining 3d, 3d–4f and
4f magnetic refrigerants, noting their suitability in various areas
of their structure, synthesis, composition and their magnetic prop-
erties. Its organisation is as follows: we will begin with a brief look
at the ﬁrst 3d SMMs investigated for their magnetocaloric effect
(MCE), followed by the more suitable isotropic iron(III) and manga-
nese(II) clusters and isolated examples of other transition metal
compounds. Then we will introduce 3d–4f compounds, examining
the inﬂuence of lanthanide ions, including an extensive series of
phosphonate grids and cages. Next will be homo-metallic gadolin-
ium compounds segueing into polymeric species, which appear to
offer signiﬁcant advantages over zero-dimensional molecules. First
of all, though, we will examine the origin of the magnetocaloric ef-
fect and its quantiﬁcation from a chemist’s point of view.
2. Refrigeration and the beginnings of magnetic cooling
Currently, cooling things down is most commonly achieved by
the vapour-compression cycle for everyday applications such as
refrigerators or air-conditioning units [3a]. For more specialist
applications, such as low temperature magnetism or work in
extreme environments such as outer space [3b,c], the use of dilu-
tion refrigeration can achieve temperatures down to around
2 mK, using the isotopes 4He and 3He. Paramagnetic materials
can replace and outperform these methods through a physical pro-
cess called the magnetocaloric effect and speciﬁcally through an
adiabatic demagnetisation mechanism. An understanding of the
physics of this process allows chemists to design and to synthesise
compounds which may be useful in this context [3d]. Then, using
the two parameters DSM and DTAD, the magnetic entropy change
and adiabatic temperature change respectively, the performance of
these materials can be quantiﬁed.
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temperature, hence the term magnetocaloric, under adiabatic con-
ditions (constant entropy). This occurs through a redistribution of
entropy in the system [3e], the total entropy being given by
Stotal ¼ SM þ Slattice þ Selectronic: ð1Þ
As the spin angular momenta, S, of each paramagnetic compo-
nent, previously randomly arranged, align in the ﬁeld, the mag-
netic entropy will decrease, as the spins become ordered (Fig. 1).
As entropy is constant Slattice increases to compensate; this can
be imagined as the ions in the lattice moving around more and
becoming more disordered, hence the material is hotter. An alter-
native view is that, upon applying a ﬁeld, phonons are exchanged
between the magnetic spin system and the lattice and the latter
is raised to a higher vibrational state. Taking the hot paramagnet
as a magnetically ordered system we can see how a refrigerant
can be obtained thus: if a ﬂuid at ambient temperature is passed
over this material then we can obtain an ordered system at the
same temperature as its surroundings, whilst remaining in a mag-
netic ﬁeld. Switching this ﬁeld off, an adiabatic demagnetisation,
then cools the material below its starting temperature by DTAD
as Slattice is converted back to SM. Alternatively phonons are passed
back from the lattice to the magnetic system and a lower vibra-
tional state is obtained. Either way, we end with a paramagnet
cooler than its surroundings: a refrigerant.
All paramagnets exhibit this effect, but in order to classify a
material as ‘‘good’’ or ‘‘bad’’ many chemists simply take the magni-
tude of DSM as a guide. In fact the DTAD is a more direct measure
of the performance. A majority of papers only report the DSM
measurements as this can be derived using the familiar Maxwell
equations [3e] from magnetisation data, and so is more readily
available than heat capacity analysis, which can give both param-
eters. A third parameter, the product of density and DSM
(q  DSM), with units of mJ cm3 K1, can also be straightfor-
wardly obtained and accounts for the composition of the material
in bulk.
Out of necessity this review looks primarily at DSM changes,
unless a fuller characterisation is available, where DTAD will be
described.
The magnetic entropy change is given by,
SM ¼ nR lnð2Sþ 1Þ ð2Þ
where R is the gas-constant, ln the natural logarithm and S the
ground spin state of the components and n is the number of spins
of the given S [3d]. As a large enough ﬁeld will saturate the spins
and give a zero magnetic entropy state, this is equivalent to the
largest possible magnetic entropy change DSM. In a homo-metal-
lic coordination compound this is simply the number of metals
with the given spin, whereas the calculation is a sum for hetero-
metallic systems with different spins. Note that antiferromagnetic
coupling can give ground state spins less than the possible maxi-
mum. For non-zero dimensional paramagnets n is the number ofFig. 1. Spins on individual metals, represented by arrows, are randomly aligned in
zero ﬁeld, left, and become ordered in the magnetic ﬁeld, right, decreasing the
magnetic entropy.spins in the repeat unit. The magnetic entropy of the system is re-
lated to the magnetic degrees of freedom or spin multiplicity
(2S + 1 term), such that increasing the maximum entropy change
depends on increasing S, and, as the units of DSM are J kg1 K1,
minimising the diamagnetic mass of the compound, this not con-
tributing to magnetic entropy. Furthermore, anisotropy and conse-
quent zero ﬁeld splitting (ZFS) should be minimised as this
decreases the maximum magnetic entropy change by ordering
and splitting the ground spin state in zero ﬁeld, reducing the entro-
py of this otherwise degenerate arrangement. Anisotropy barriers
arising from ZFS, such as in SMMs, will hinder any repetition of
magnetisation and demagnetisation below the blocking tempera-
ture, TB, as the magnetisation is not easily saturated over several
cycles.
The magnetic entropy change,DSM, is maximised at the order-
ing-temperature of the material, i.e. the paramagnetic to (anti)fer-
romagnetic transition point, (TN)TC, greatly inﬂuencing the range in
which a given material is useful. Indeed, below these ordering-
temperatures DSM decreases quickly [3e]. In principle the same
metal ion can be used in a range of materials, each tuned by their
ordering-temperatures for a particular temperature regime by a li-
gand set which governs its interactions with neighbouring ions. For
example, to replace the dilution refrigeration method a material
with almost non-interacting spins is required to maintain a high
DSM at low temperatures (mining the moon for the required,
expensive and rare 3He is currently only a science-ﬁction alterna-
tive source, so there is a valid need for a replacement). One chal-
lenge here is to keep metals well separated in the crystal lattice,
perhaps using sterically bulky ligands, whilst maintaining a low
molecular weight for useful performance (vide infra) [3c]. Room
temperature applications currently centre on various alloys and
metals, such as gadolinium, which has a TC of 293 K. The main fo-
cus of this article lies between these extremes, and is the small but
rapidly increasing collection of metal coordination compounds, of-
ten termed clusters, which have been shown to outperform rivals
in the low-temperature 0.5–20 K range.
The ﬁrst signiﬁcant DSM for a cluster of the 21st century was
found in [FeIII14(bta)6O6(OMe)18Cl6] where Hbta is benzotriazole
[4a] (vide infra). High-spin clusters such as this can give larger
DSM values than for single ion species and this requires either fer-
romagnetic interactions between metals or non-complete cancel-
lation of spins where antiferromagnetic coupling is present to
give a high spin ground state; weakly coupled systems which can
easily be saturated under applied ﬁeld can also provide a further
increase to DSM due to the extra low lying magnetic states that
are generated. These are populated under zero-ﬁeld, providing ex-
tra degrees of freedom, but depopulated under applied ﬁeld, giving
a larger DSM. Finally, clusters can also provide a beneﬁt based on
the geometrical arrangement of their spins in a spin frustrated sys-
tem [5], a system where ‘‘all spin requirements cannot be satisﬁed
simultaneously’’, e.g. in an antiferromagnetically coupled, half-
integer spin, equilateral triangle arrangement of metals. This gen-
erates easily accessible states in zero-ﬁeld which contribute to a
larger DSM under applied ﬁeld in a similar fashion to weak cou-
pling. It is only with molecular materials that we can tune these
properties of spin, anisotropy, geometry, and intra- and inter-
molecular interactions, offering signiﬁcant potential advantages
over other materials in this ﬁeld such as glasses and alloys.3. Transition metal compounds
3.1. From chaos, order
{[FeIII8O2(OH)12(tacn)6]Br7H2O}Br8H2O (1), where tacn
is 1,4,7-triazacyclononane, [MnIII8MnIV4(CH3COO)16(H2O)4O12]
Fig. 2. The Fe–O–N hexagonal bipyramid core of [FeIII14(bta)6O6(OMe)18Cl6] (5),
where Hbta is benzotriazole; colours are FeIII, orange; O, red; bta N’s, pale blue;
tetrahedral O’s are distinct from those of the OMe ligand, which bridge two metals.
(Colour online).
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CH2Cl25H2O (3) [4b–d] are three of the ﬁrst and most well known
SMMs, compounds with large and well deﬁned, isolated S = 10
ground states and high axial anisotropy. Investigations into their
MCE found signiﬁcant magnetic entropy changes that rivalled
super-paramagnets and the inter-metallic compounds previously
investigated. A major problem with these is the dependence of
the magnetic entropy changes on the rate at which the ﬁeld is
swept, due to the anisotropy barriers present. Thus, although these
studies and forthcoming theoretical calculations and experiments
(vide infra) would show anisotropy to be detrimental to a high
MCE in clusters, these were the forerunners towards subsequent
improvements.
Anisotropy removes the spin degeneracy of a spin state S in
zero-ﬁeld, giving ordered ms states. To saturate the spin system,
populating only the ground state, requires a larger ﬁeld than for
a less anisotropic system and gives, equivalently, a lower magnetic
entropy change in the same strength ﬁeld. This was demonstrated
neatly by Evangelisti and Brechin for a hypothetical S = 10 spin sys-
tem [3d]. This showed that, for three cases of increasing axial
anisotropy (D = 0.5, 1.5 and 3.0 K) the maximummagnetic en-
tropy change DSM, for a ﬁeld change of 1–7 T, decreases in mag-
nitude by around 50% and also increases to a higher temperature.
This second effect occurs because, below a certain temperature,
some of the spins will lie in the opposite sense to the ﬁeld, being
held by the anisotropy barrier, so more thermal energy is needed
to reach a saturated state.
3.2. The iron age
Following these studies the ﬁrst cage to conﬁrm how promising
isotropy could be in molecular refrigerants was {Fe14} [4a], or
[FeIII14(bta)6O6(OMe)18Cl6] (4) (Fig. 2), where Hbta is benzotriazole.
In contrast to the above early work with {Mn12} and {Fe8} this has a
very low cluster anisotropy, Dcluster  0, derived from a symmetri-
cal hexacapped hexagonal bipyramid core, removing the disadvan-
tages discussed above. The high ground state spin, where S  25,
from an alignment of all but the two apex iron(III) spins, is ill-de-
ﬁned according to susceptibility and magnetisation data, which
suggest additional populated low lying states and hence extra
magnetic entropy in zero ﬁeld. Magnetisation and heat capacity
measurements found DSM to be 15.9 J kg1 K1 at 6 K for a
0–7 T ﬁeld change, larger than anything previously measured at
these low temperatures. Although these two techniques are
complementary, a more complete characterisation is offered by
the latter giving DTAD as ca. 6 K and information on the inter-
cluster interactions. These interactions are evident at TN = ca.
1.9 K, and may tune the range of the magnetocaloric response,
DSM and DTAD decreasing rapidly below this temperature. Inter-
estingly, for {Fe14} DSM is shown to be larger than that calculated
for an S = 25 paramagnet, showing how an isotropic ground state
can favour a large MCE. This ‘‘enhancement’’ of magnetic entropy
over an equivalent spin paramagnet (and super-paramagnets) is
due to the spin degeneracy of the ground spin state.
A more recent iron cluster, {Fe17}, [FeIII17O16(OH)12(py)12Br4]Br3
(5) [4e], where py is pyridine, is similar in concept with a large spin
and low D anisotropy. This, with its truncated tetrahedral core, has
an approximate S  35 ground state, from antiferromagnetic
coupling between the two FeIII geometries present, ﬁve ions having
a tetrahedral geometry and the remainder octahedral,
(S = 125/2  55/2). By ﬁtting of magnetisation, D is very small at
0.023 K as required. Of additional interest here is the compound
with cubic symmetry, Pa-3, and not the otherwise identical trigo-
nal analogue, R-3. The former offers a minimising of the dipolar
interactions between clusters by chemical control of the crystalli-
sation process, resulting in a lower ordering temperature, seen asa shift in TN. This lowering, combined with the spatially isolated
clusters in the crystal structure, shifts the useful range of operation
to very low temperatures. Indeed, although DSM is relatively low,
8.9 J kg1 K1 (2.7 K, DH = 0–7 T), on account of the large ligand
mass, this may still be useful compared to materials with large
DSM values at higher temperatures, whereas here down to at
least 0.3 K no phase change is seen.
These studies of SMMs and iron complexes are instructive in
several ways: ﬁrstly, they showed that electronically isotropic
clusters are ideal magnetic refrigerants at lower temperatures,
anisotropy shifting the maximum entropy change to higher tem-
peratures; secondly, that clusters can rival the alloys, super-para-
magnets and materials outside this ﬁeld; and thirdly, that
chemistry can promote extra advantages over those materials by
control of dipolar interactions through crystallisation. Chemical
control over physical properties is the raison d’être of chemistry
and molecules can bring this advantage to refrigeration, a principle
further demonstrated in the following, a subtle ligand change
enhancing the MCE of one {Mn10} [4f] compound over a close
relation.3.3. Manganese(II/III) clusters
The use of polyol ligands in synthesising 3d transition metal
clusters has been very productive [6], particularly with manga-
nese(II/III). This is a well-trodden route to SMMs as these ligands
combined the ﬂexibility useful with a ‘‘serendipitous’’ approach
with the multi-dentate abilities that enable high nuclearity clus-
ters to be formed. In turn this could give high-spin molecules,
depending on the coupling between the ions. In pursuing
increasingly large energy barriers, many groups held the equation
Ueff = |D|S2 (for integer spins) the key. Although only later was it
appreciated that high spin and a large D are not independent [7],
these molecules could be useful as magnetic refrigerants, if
D was small. Using the ligand H3amp, 2-amino-2-methyl-
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extra bonding modes, two clusters were synthesised: namely
[MnIII6MnII4O4Br4(amp)6(ampH2)3(HampH2)]Br38Hexane (6), which
has a super-tetrahedral structure distinct from its close relation
[MnIII6MnII4(OH)6(amp)4(ampH)4I4(EtOH)4]I412EtOH (7), which is
a planar disc [4f] (Fig. 3). An important difference between them
is that the oxides of the former are now hydroxides in the latter,
dictating the structure and also generating weaker coupling
through the super-exchange mechanism between metals. Each
has an S = 22 ground state from ferromagnetic coupling between
all spins, although only the magnetisation data of the ﬁrst (6) were
ﬁtted, with g = 2.00 and a desirable D = 0, arising from the almost
Td cluster symmetry. DSM was found to be 13.0 J kg1 K1
(2.2 K, DH = 0–7 T), in agreement with the theoretical limit for an
S = 22 spin. Interestingly a larger DSM of 17.0 J kg1 K1 (5.2 K,
DH = 0–7 T) was found in the planar disc compound (7), despite
the same ground state and even accounting for differences in mass
(3.8 R versus 5.4 R). From heat capacity data the ground state of (7)
was shown not to be isolated, the weaker interactions between
metals generating low lying spin states and so enhancing the pos-
sible entropy change, in a similar way to {Fe14}. Clearly, the weaker
the interactions, the smaller the energy gap between states of dif-
ferent spin in zero-ﬁeld. This has strong and promising implica-
tions for lanthanide systems with their predominantly weak
coupling (vide infra). Using the tetraol H4peol pro-ligand, pentae-
rythritol, gave a tetra-decametallic cluster {Mn14}, [MnIII6MnII8
(OH)2(Hpeol)4(H2peol)6I4(EtOH)6]I4 (8), which has a sheet-like
structure, where the (Hnpeol) ligands bond above and below the
plane, so coordinating a greater number of metals. A ground state
of S = 7 ± 1 was implied from a.c susceptibility data, suggesting,
with d.c data, antiferromagnetic coupling dominating. The DSM
was found to be 25.0 J kg1 K1 (3.8 K, DH = 0–7 T), larger than
those above, despite the lower ground state, due to an even larger
enhancement from low-lying states at zero-ﬁeld, this being the
largest for any manganese(II/III) cage found so far.
3.4. Super-tetrahedron world
A second series of {Mn10} (9), {Mn17} (10) and {Mn19} (11) [4g]
compounds, more fully [MnIII6MnII4(O4)(HL1)6(N3)3Br2](N3)0.7
Br0.33MeCN2MeOH, [MnIII11MnII6(O8)Cl4(O2CMe)2(L2)10 Cl2.34
(O2CMe)0.66(py)3(MeCN)2]7MeCN and [MnIII12MnII7O8(N3)8(L3)12
(MeCN)6]Cl210MeOHMeCN, were found to have enormous
ground spin states of S = 22, 28 ± 1 and 83/2. These are based on
the {Mn10} super-tetrahedron core, the larger clusters linking this
unit by an edge (with three common metals) or vertex (one com-
mon metal), respectively. Compound (9) was synthesised using
the pro-ligand 3-methyl pentane-1,3,5-triol (H3L1) and has similar
magnetic behaviour and magnetic structure to (6), giving DSM of
10.3 J kg1 K1 (2.6 K, DH = 0–9 T). Using the diol, 2,2-dimethyl-Fig. 3. Left, the supertetrahedron core of Mn10 features in (6) and (9–12); inner
tetrahedral O atoms are spheres, outer O atoms are red wireframe. Right, the planar
disc of (8), directed by pseudo-planar OH groups; colours are MnII/III, pink; and O,
red spheres. (Colour online).1,3-propandiol (H2L2) gave the vertex-joined super-tetrahedron
{Mn17} (10) with a larger DSM of 13.3 J kg1 K1 (5.2 K,
DH = 0–9 T). Small but signiﬁcant anisotropy was deduced from
heat capacity data and Ueff found to be 13.1 K. Although it is difﬁ-
cult to relate compounds with different structures the position of
the maximum magnetic entropy change may be a consequence
of this. Better for MCE is the ill-deﬁned ground state, which arises
from the anti-parallel alignment of two manganese(II) spins with
all others.
A structural analogue of (10), [Na2MnIII11MnII4O8(HL4)10(OAc)2
(H2O)2(MeO)1.5(N3)2.5](OAc)10H2O2MeOH (12), where H3L4 is
2,6-(hydroxymethyl)-phenol, has two apex manganese(II) ions
replaced by sodium(I) ions [4h]. Fitted magnetisation data gave
an S = 32 ground state and two DSM maxima of 9.5 J kg1 K1
(6 and 10 K, DH = 0–7 T). Lastly, using another triol (H3L3) 2,6-bis-
(hydroxy-methyl)-4-methylphenol, produced the vertex-linked
cage {Mn19} (11). Ferromagnetic coupling of spins gives the largest
S possible, and the largest of any polymetallic cluster, though the
very small anisotropy means no SMM behaviour was seen and
DSM of 8.9 J kg1 K1 (4.2 K, DH = 0–7 T) is rather modest, too.
The almost identical compound [MnIII12MnII7O8(HL4)12(N3)3-
(MeO)5.5(MeOH)3.5(H2O)1.5(OH)0.5](OAc)10H2O (13), has a similar
DSM, at a slightly higher temperature, due to a larger anisotropy,
matching previous theoretical ideas [4h]. This arises from an over-
all Jahn–Teller axis of the cage which is less symmetrical than in
the related compound.
3.5. Cold stars
The more recent {Mn32} cluster {MnII(bipy)3}1.5[MnII24MnIV8-
(thme)16(bipy)24(N3)12(OAc)12](ClO4)11 (15) [4i], where H3thme is
tris(hydroxymethyl)ethane, has several interesting features.
Firstly, it has an unusual ‘‘truncated-cube structure’’ which is made
up of {MnII3MnIV} metal-stars. Isolated metal stars [8] are desir-
able, as they have non-zero and high S states: if the points of the
star couple antiferromagnetically to the central metal, this gives
an overall spin equal to the sum of these outer contributions minus
the centre spin. Susceptibility data suggested an ill-deﬁned ground
state, a common theme throughout manganese chemistry on
account of weak manganese(II) coupling and also the high nuclear-
ity of this compound. The magnetisation was found to increase
even at 0.35 K and 7 T, approaching the maximum possible by
alignment of the eight resultant S = 6 spins of the metal stars. Heat
capacity data found DSM = 18.2 J kg1 K1 (1.6 K, DH = 0–7 T) and
DTAD of 6.7 K, combined with a high efﬁciency, which relates how
large the ﬁeld must be to reach the DTAD found (2 K T1). For a spin
S = 48, DSM can only reach 3.6 J kg1 K1, a massive difference
compared to that seen, showing just how important the spin
degeneracy of a system is for MCE.
Most of the zero-dimensional compounds described here have
densities of around 2 g cm3 (see S.I. for more precise values), so
there are no remarkable changes in their apparent usefulness when
this is taken into account. Compound (12), though, is unusual
among cluster compounds as it has a density of around 3 g cm3.
This means that, despite its DSM value being half that of (15),
its maximum qDSM is superior. This important consideration will
be re-examined later, when we consider polymeric compounds
and their superiority in this regard over their zero-dimensional
counterparts.
3.6. Frustration
Before we conclude this look at transition metal compounds a
brief diversion from manganese(II/III) clusters will be instructive
by looking at an isolated example of a nickel(II) cluster,
[NiII7(OH)2(chp)12(MeOH)6] (14) [9]. This has an unusual geometry,
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ing to a high degree of magnetic frustration, arising from the anti-
ferromagnetic exchange between basal and apical spins. Frustrated
topologies are seen later for, in particular, two homo-metallic gad-
olinium cages, vide infra. First, though, we will look at how 3d–4f
compounds can give improvements in DSM over the transition
metal cages above.Fig. 4. Stripped-down MnIII3MnIV–Ln–O–N core of [Ln3Mn4O3(OH)(O2CtBu)6(-
EtO)3(EtOH)3(Et-sao)3] (17), where Et-saoH2 is ethyl-salicylaldoxime; Ln, purple;
MnII/III, pink; O, red; N, pale blue. (Colour online).4. 3d–4f Compounds
Lanthanide ions can have a larger ground state spin than tran-
sition metals and a small anisotropy, particularly gadolinium(III)
with its ground term 8S7/2, which can provide large DSM values
even for single ions. In fact for an isolated ion, DSM is theoreti-
cally 110 J kg1 K1. Weak coupling is almost guaranteed, given
the ionic nature of the bonding in lanthanides, using the core-like
valence 4f orbitals, and this can result in spin degeneracy, which
was shown to be important in 3d magnetocaloric materials. Incor-
porating gadolinium(III) (and less often, other lanthanides) into 3d
metal clusters has resulted in a larger MCE than with 3d metals
alone, as has also occurred in the search for larger Ueff anisotropy
barriers. This shows how important it is to explore all areas of
the Periodic Table.
4.1. Adding lanthanides to manganese clusters
4.1.1. The calix-4-arene cooler
Although Giauque’s [Gd2(SO4)3]8H2O] was the ﬁrst molecular
refrigerant using gadolinium, the {Gd4Mn4} calix-4-arene complex
[10a] from Karotsis et al. is the ﬁrst with organic ligands and is a
neat example of how lanthanides and transition metals can
give signiﬁcant MCE properties. [Gd4MnIII4(OH)4(tetrahydroca-
lix[4]arene)4(NO3)2(dmf)6(H2O)6](OH)2 (16), where dmf is dimeth-
ylformamide and the calix-4-arene pro-ligand is a tetraol, is made
up of a gadolinium square in a manganese square, which could be
called an empty 3  3 grid. Magnetisation and susceptibility data
indicate that there is weak coupling between spins and several
states other than the ground state populated down to low temper-
atures. The potential anisotropy due to the manganese(III) ions is
removed by the perpendicular alignment, and hence cancelation,
of their Jahn–Teller (anisotropy) axes. The resulting DSM of
19 J kg1 K1 (4 K, DH = 0–7 T), twice that expected from the
S = 22 state given by ferromagnetic exchange conﬁrmed that these
extra states have a signiﬁcant effect on the performance.
4.1.2. A coaxial double screw
The similarity of lanthanides across the series in their size and
chemistry can allow for iso-structural analogues of compounds,
as was the case for [Ln3MnIII3MnIVO3(OH)(O2CtBu)6(EtO)3(EtOH)3
(Et-sao)3] (17) [10b] (Fig. 4), where Et–saoH2 is ethyl–salicyl-
aldoxime. Here, when Ln is dysprosium(III) the compound shows
SMM behaviour and a large MCE when the Ln is gadolinium(III).
The unusual structure is based around a {Gd3MnIVO4} cube, which
is capped by three manganese(III) ions. Although the MCE is only
small, DSM is 7.4 J kg1 K1 (6 K and DH = 0–5 T), compared to
other results, this was one of the very ﬁrst molecular refrigerants
with gadolinium and this approaches the maximum allowed for
a magnetisation derived from a S = 18 ground state under a rela-
tively small ﬁeld change and high temperature.
4.2. Phosphonic acids
4.2.1. 3d–4f Phosphonate clusters
The phosphonate ligand has been extremely useful in the prep-
aration of a large number of coordination compounds, particularlythose with lanthanides. Its three oxygen donors bond to up to nine
metals in a variety of modes. This is easily described by Harris
notation [11a] such that XY1Y2Y3 where X is the total number
of metals bonded to the phosphonate oxygen atoms and Y1, Y2
and Y3 the number bonded to each oxygen. This ligand’s bonding
ﬂexibility is enhanced by the large choice of R groups (RPO3H2)
available, assisting solubility or bonding by incorporating function-
alities other than and including oxygen atoms. Although many
3d-phosphonate molecules have been synthesised for transition
metals, only molecular 3d–4f phosphonates have been studied
for their magnetic properties. These works followed from two
CeIV–MnIV compounds [11b], {CeIV2MnIV6}, the zero dimensional
cluster [CeIV2MnIV6O6(OH)5(O3PtBu)6(O2CMe)3]53H2O and
{CeIII/IV22MnIV12}, the one dimensional polymer [CeIV18CeIII4MnIV12O34
(O3PMe)12(O2CMe)33(OMe)6(NO3)(H2O)12]n, which were studied
for their SMM behaviour. Baskar et al. also prepared a series of
compounds using the bulky trityl-phosphonic acid ligand [11c];
two {Ln8CuII24} cuboctahedra result, the ﬁrst where Ln is
gadolinium(III): [(Me4N)2K2][Gd8CuII24(O3PCPh3)6(HO3PCPh3)6
(O2CMe)12(HO2CMe)12(OH)42(NO3)][(OH)3], whilst with dyspro-
sium(III), [H3O][Dy8CuII24(O3PCPh3)6(HO3PCPh3)6(O2CMe)12-
(HO2CMe)6(OH)42(NO3)(OH2)6] results, this being an SMM. The
same reaction from the yttrium starting material formed an
unrelated {Y12CuII16} structure, [Me4N]3[Y12CuII16(O3PCPh3)12
(O2CMe)22(OH)24(NO3)2(OH2)6][OH], a warning that apparently
similar lanthanides (yttrium(III) being an honorary lanthanide(III)
on account of its ionic radius and oxidation state) can form differ-
ent structures from the same reaction.4.2.2. Manganese(II)–lanthanide phosphonate compounds
Zheng et al. have prepared a large range of 3d–4f phosphonates
using a general scheme that was adopted with only slight modiﬁ-
cations for all of the following 3d–4f phosphonate compounds, the
ﬁrst series of which were in fact the Co–Ln grids below. For the
manganese(II)–lanthanide series [10c], which we begin with here,
[MnII(O2CtBu)4(EtOH)]n, [Ln2(O2CtBu)6(HO2CtBu)6] and RPO3H2
were stirred in acetonitrile and heated solvothermally giving
Fig. 5. Ln–CoII–O–P core of [Ln8CoII8(OH)4(NO3)4(O3PtBu)8(O2CtBu)16] (23), (27) and
(28); Ln, purple; CoII, P, mustard; O, red lines. (Color online).
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[Gd9MnII9(O3PMe)12(O2CtBu)18(OH)1.5(O2CtBu)1.5] (18) with its tri-
gonal bipyramidal core structure. Switching to BzPO3H2, where
Bz is benzyl, gave [Gd6MnII4(O3PCH2Ph)6(HO2CtBu)13(O2CMe)
(HO2CtBu)(OH2)2(MeCN)2]3MeCN (19) with a [3  3] grid struc-
ture, where a {MnII2} unit is one of the points. Interestingly, using
dysprosium instead and PhCH2PO3H2 gave a completely different
product [Dy6MnII6(OH)2(O3PCH2Ph)6(O2CtBu)16]5MeCN (20),
which has a spherical-type core, despite the similarity of the two
lanthanide(III) ions in terms of size and reactivity. Thus, three
rather different topologies were obtained from only marginal vari-
ations in starting material.
In choosing the appropriate lanthanide Yan-Zhen et al. have
shown that dysprosium(III), which has a large single-ion anisot-
ropy can dramatically hinder a large DSM. In (20), the maximum
theoretical value is around 43 J kg1 K1, which is much larger than
that found by magnetisation of 13 J kg1 K1 (3 K, DH = 0–7 T), an
effect seen in several other dysprosium-transition metal phospho-
nate clusters, vide infra. In fact, the largest magnetic entropy
change for any molecule with dysprosium(III) is only 13.8 J kg1 K1,
for the large {Dy24} (61) cluster. Despite its large spin of 5/2, the
same as for manganese(II) and iron(III) (high spin), its large anisot-
ropy will generally lead to a much lower MCE than any gadolinium
analogues of these compounds, indeed {Gd24} [12a] (60) is much
more promising, vide infra.
From susceptibility data, dominant antiferromagnetic interac-
tions could be inferred for the gadolinium(III) compounds,
although these were signiﬁcantly weaker for (19) than (18). This
manifests itself as a much larger DSM of 34 J kg1 K1 (3 K,
DH = 0–7 T) for the former, which was the highest reported at
the time and in excess of that seen for all transition metal com-
pounds. When compared to the DSM = 28 J kg1 K1 found under
the same conditions for the latter, well below the theoretical max-
imum values of ca. 57 J kg1 K1, we can see how detrimental anti-
ferromagnetic coupling can be. This feature is clearly seen later in
the homo-metallic compounds {Gd5} [12b] (55) and {Gd7} [12c]
(56), where the slow magnetisation rates associated with this type
of coupling are easily visible.
4.2.3. Cobalt(II)–lanthanide phosphonate compounds
The general synthetic route to 3d–4f phosphonates can be mod-
iﬁed to give structures with many of the 3d transition metals so the
choice of cobalt(II) here may seem surprising, given that the free
ion has a large orbital contribution to its magnetic moment, which
can give signiﬁcant zero ﬁeld splitting. This, though, is frequently
quenched in an appropriate crystal ﬁeld, such as the tetrahedral
arrangement encountered in a number of the following com-
pounds. Excellent reviews by Yan-Zhen [10d,e] describe all the co-
balt(II)–gadolinium structures mentioned here with much more
detail and illustration, so the following is a brief summary.
Six distinct clusters were synthesised based on grids:
[Gd6CoII4(O3PCH2Ph)6(O2CtBu)14(MeCN)2] (21), [Gd4CoII8(O3PtBu)6
(O2CtBu)16] (22), [Gd8CoII8(OH)4(NO3)4(O3PtBu)8(O2CtBu)16] (23)
(Fig. 5) and [Gd2CoII4(O3PtBu)2(O2CtBu)10(MeCN)2]2MeCN (24),
respectively a [3  3] square with double central node, a [4  3]
rectangle, a [4  4] square with rotated inner square and a
bicapped [2  2] square. Two further clusters can best be
described as cages, namely [Gd2CoII8(OH)2(O3PCH2Ph)4(O2CtBu)12
(HO2CMe)2]6MeCN (25) and [Gd8CoII6(OH)8(O3PtBu)6(O2CtBu)16
(H2O)2]2MeCN (26).
There is a direct correlation between the percentage of gadolin-
ium in each compound and its maximum magnetic entropy
change, as expected given the favourable properties of that ion
compared to cobalt(II) (s = 3/2). The largest found in this series is
for (26), and from magnetisation data this is 28.6 J kg1 K1 (3 K,
DH = 0–7 T, and for all phosphonate compounds unless stated),one of the highest for a 3d–4f cluster compound. Extending this
analysis using heat capacity data and high ﬁeld magnetisation
found this rises to 33 J kg1 K1 at 4 K and a huge 14 T ﬁeld change,
the maximum possible being ca. 48 J kg1 K1, still some way off,
and probably attributable to the lack of saturation of the cobalt(II)
spins, as evidenced by the magnetisation data of the {Y8CoII8} (27)
analogue, which itself has a rather small MCE ofDSM = 4.5 J kg1 K1.
The dysprosium compound {Dy8CoII8} (28) shows expectedly lower
values (11.6 J kg1 K1).4.2.4. Nickel(II)–lanthanide phosphonate compounds
If the cobalt(II) ion is not always suitable for MCE investigations
then nickel(II) in concert with gadolinium should be an improve-
ment, as the latter is isotropic in strict octahedral environments.
The Wells–Dawson type [Ln6NiII6(OH)2(O3PCH2Ph)6(O2CtBu)16-
(MeCO2H)2]4MeCN compounds were prepared from [NiII2(OH2)-
(O2CtBu)4](HO2CtBu)4 and this time forming gadolinium(III) (29),
dysprosium(III) (30) and yttrium(III) (31) analogues [10f]. These
compounds are so named because of their similarity to the related
polyoxometallate structures, but also can be described brieﬂy as a
bi-capped lanthanide rugby-ball metal topology, the caps being
non-eclipsing nickel(II) triangles. This unusual isolation of three
iso-structural compounds allows direct comparison of the effects
of the lanthanide(III) metal on the MCE. For (29), susceptibility
and magnetisation data suggest ferromagnetic interactions domi-
nate until very low temperatures and a saturation corresponding
to fully aligned spins, with a relatively fast magnetisation rate. This
promise is borne out by a large DSM of 26.5 J kg1 K1, the largest
found at the time, which approaches the theoretical maximum of
around 37 J kg1 K1. Predictably the susceptibility data for the
dysprosium compound (30) are harder to disentangle from the
likely crystal ﬁeld effects with no saturation of magnetisation seen.
DSM is 12.2 J kg1 K1, cf. a theoretical maximum of 34 J kg1 K1
which conﬁrms the importance of the choice of lanthanide. Com-
pound (31) supports this view as DSM is only ca. 6 J kg1 K1,
(the theoretical maximum being 14 J kg1 K1). Thus (i) the lantha-
nide makes a positive contribution whether gadolinium(III) or
Fig. 6. Cu–Gd–O core of [Gd4CuII5O2(OMe)4(teaH)4(O2CtBu)2(NO3)4]2MeOH2Et2O
(37), where teaH3 is triethanolamine; Gd, purple; CuII, green; O, red lines. (Colour
online).
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which may arise from none-ideal geometries, is having a signiﬁ-
cant negative inﬂuence, despite the low-lying states associated
with a relatively weak NiII–NiII coupling. The effect of geometry
is not a factor with the lanthanide, though, because of their largely
ionic-type bonding.
4.2.5. Further prospects for 3d–4f phosphonate compounds
There are still several areas to explore for this methodology, not
least in the discovery of aesthetically pleasing new topologies.
Chieﬂy is whether copper(II)–gadolinium clusters beneﬁt from
the favoured ferromagnetic interactions between these two ions
and to what this will lead, vide infra. Several examples above, par-
ticularly with manganese(II)–gadolinium, were hampered by an
antiferromagnetic interaction. Given this, zinc(II)–gadolinium(III)
compounds may be interesting, with no interactions between the
diamagnetic ion and lanthanide, although this also adds to the
redundant mass in the cluster (the authors of this review are cur-
rently investigating a close analogue of (24), namely [Gd2ZnII4
(O2CtBu)10(O3PtBu 3)2(NEt3)2] (32) [10g], which has DSM =
15.1 J kg1 K1 (3 K, DH = 0–7 T), suggesting the cobalt(II) ions
are useful despite their anisotropy). Previous results above with ir-
on(III) clusters suggest iron(III)–gadolinium(III) clusters may have
an appreciable MCE. One broader point may be that, when the dia-
magnetic yttrium(III) analogues have been made, the magnetic en-
tropy changes are rather small. This strong dependence of the MCE
in 3d–4f compounds on the lanthanide suggests homo-metallic 4f
compounds using gadolinium could be superior to 3d–4f com-
pounds, vide infra.
4.3. An earnest study of substituting metals:
[Gd4M
II
8(OH)8(L)8(O2CR)8](ClO4)4
Comparing the MCE of 3d–4f clusters with different transition
metal ions can be difﬁcult owing to the lack of iso-structural ana-
logues so far studied. However, the following is such a series [10h]:
The 3d–4f clusters{Gd4MII8} [Gd4MII8(OH)8(L)8(O2CR)8](ClO4)4,
where MII is zinc(II) (33), nickel(II) (34) or copper(II) (35), HL is
2-(hydroxymethyl)pyridine and R are small carboxylates. These
are made up of a square of lanthanides with each edge having
one transition metal above and below the plane. Comparing the ef-
fect of changing the transition-metal(II) ion, conﬁrmed that anti-
ferromagnetic interactions can be extremely detrimental to the
cooling performance of a material. This trio of compounds exhibit
signiﬁcantly different magnetic interactions resulting, unexpect-
edly, in a lower DSM for {Gd4CuII8} than {Gd4ZnII8}, despite the
higher ground state spin of the former. The diamagnetic zinc(II)
ion in {Gd4ZnII8} allows a ﬁtting of susceptibility data to reveal very
weak antiferromagnetic coupling between gadolinium(III) ions.
Saturation magnetisation indicates S = 14, as expected for all four
gadolinium(III) spins aligning in ﬁeld, with the resulting DSM,
from only the lanthanide ion contribution, ca. 18 J kg1 K1 (2 K,
DH = 0–7 T), thus approaching the theoretical maximum of ca.
21 J kg1 K1. This occurs at rather low temperatures, which is as-
cribed to weak exchange coupling between metals from heat
capacity measurements. This is different to {Gd4CuII8}, where
CuII–CuII exchange is much stronger than GdIII–CuII (by 10 times)
increasing the position of the DSM maximum to 5.6 K. Surpris-
ingly, this maximum DSM is only 14.6 J kg1 K1, and, despite
the presence of a paramagnetic 3d metal, lower than in {Gd4ZnII8}.
The exchange between copper and gadolinium spins results in a
ferrimagnetic molecule, which, although a S = 18 ground state is
reached at 7 T, means the ﬁeld must align spins. In fact DSM is
0.7 J kg1 K1at 0.9 K (DH = 0–1 T), the material warming rather
than cooling in applied ﬁeld and thus giving a rather low value
at higher ﬁelds, compared to that expected theoretically. This strik-ing negative DSM value demonstrates well the malign effect of
antiferromagnetic exchange. The largest entropy change is found
in {Gd4NiII8}, which has dominant ferromagnetic coupling between
nickel(II) ions. Compound (34) has the largest ground state of the
three, with S = 22, although this is more promising as there are
no antiferromagnetic interactions to overcome. This, combined
with a fast magnetisation rate, means that the DSM maximum
of 22 J kg1 K1 (3.6 K, DH = 0–7 T) occurs at higher temperatures
than for the weakly coupled (33). From heat capacity data, which
conﬁrms the entropy changes derived from magnetisation data,
the magnetic contribution to the entropy change can be seen as a
peak in C/R at low temperatures for (33), but moves to higher tem-
peratures for the other compounds, so shifting the maximum
DSM to higher temperatures. This system will doubtless reveal
more in the future about the effects of ligand, counter-ion and me-
tal inﬂuence on the MCE as these parts are substituted.4.4. CuIIooling with gadolinium clusters
Despite (35), a ferromagnetic interaction between gadolin-
ium(III) and copper(II) is generally favoured, although only a small
number of clusters have taken advantage of this for their magnet-
ocaloric properties. One of these is [Gd6Cu6II(HL)6L6(dmf)12(H2O)6]-
6dmf (36) [10i], where H3L is a Schiff base pro-ligand, is made up
of an octahedron of gadolinium ions inside a larger copper(II) octa-
hedron. A ﬁt of susceptibility data gave the hoped for interaction,
helping to give a magnetic entropy change of 23.5 J kg1 K1
(2.3 K and DH = 0–7 T), which is the expected maximum value
and second to only (37) amongst copper(II)–gadolinium clusters.
In their attempts to synthesise 3d–4f compounds, Murray et al.
used the pro-ligand teaH3, or triethanolamine, which can be useful
on account of its ﬂexibility in bonding. The beneﬁts of the resulting
[Gd4CuII5O2(OMe)4(teaH)4(O2CtBu)2(NO3)4]2MeOH2Et2O (37)
[10j] (Fig. 6) are clear: the metal ions have high spin values, the
lanthanides being isotropic and generally weakly coupled and
these make up around forty percent of the total molecular weight;
this is a conceptually ideal 3d–4f cluster for a large MCE. The topol-
ogy is a planar ‘‘X’’-shape of ﬁve copper(II) ions, or vertex sharing
triangles, with one gadolinium ion above and below the centre of
each copper(II) triangle. Susceptibility data indicate dominant fer-
romagnetic interactions between the more strongly coupled cop-
per(II) ions, with magnetisation data suggesting one of these is
aligned opposite to the outer four. Therefore, the expected 3d–4f
interaction makes up an S = 31/2 state, enhanced by necessarily
weak lanthanide exchange so giving numerous low-lying excited
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maximum DSM of 31 J kg1 K1 (3 K, DH = 0–9 T) which ap-
proaches the theoretical limit for fully decoupled spins and was
the largest at the time. From both heat capacity and magnetisation
data, the former also found an impressive maximum DTAD to be
more than 10 K at ca. 2 K (DH = 0–9 T), showing how the cop-
per(II)–gadolinium interaction, where harnessed appropriately,
and combined with other advantages, can confer high performance
on these compounds.
4.5. A valiant effort
[Gd2NiII6(val)12(MeCN)6(H2O)3[NEt4][Gd(NO3)5](ClO4)5 (38)
[10k] is made up of two {GdNiII3} tetrameric units linked by water.
Each unit is itself held together with the amino acid valine, the NH2
group of which favours bonding to the 3d metal. A ﬁt of magneti-
sation data was complicated by the anisotropy of the nickel(II)
ions, though this suggested an S = 7 ground state with S = 8 and
S = 6 states very close in energy. Density functional theory (DFT)
calculations gave a different conclusion of an S = 13 ground state,
this using a more realistic model of the system. The DSM of
17.6 J kg1 K1 (3 K, DH = 0–5 T) is that expected from uncoupled
ions, remembering the presence of a gadolinium containing coun-
ter-ion.
4.6. Chromium(III)–gadolinium ﬂuoride cages: something completely
different
The use and study of chromium(III) in 3d–4f molecular magne-
tism has been limited. As most work has concentrated on SMMs
this is perhaps due to the near-isotropy of the d3 ion in the com-
monly adopted octahedral crystal ﬁeld environment. In the ﬁeld
of magnetic cooling, though, it could be more useful. Also rather
rare in molecular magnetism is the use of ligands where the donor
atoms are not all nitrogen and oxygen. Particularly for ‘‘hard’’, lar-
gely ionic, lanthanides these are of course a good match. With
3d–4f compounds this presents a problem if an ion such as ﬂuoride
is used. Its preference for the lanthanide, and the stable Ln–F bonds
in LnF3 which result, have prevented mixed 3d–4f cluster com-
pounds being isolated in all but a handful of cases. Birk et al.’s ser-
ies of chromium(III)–gadolinium–ﬂuoride compounds [10l] is
therefore extremely interesting. [Gd3CrIII2F9(Me3tame)2(hfac)6]-
7MeCN (39) is a {Gd(hfac)2F}3 planar triangle capped by two
{CrIII (Me3tame)2F3} groups, where Me3tame is 1,1,1-tris-((methyl-
amino)methylethane and Hhfac is hexaﬂuoroacetylacetone. Mild
conditions appear to prevent the thermodynamically very stable
GdF3 from forming and removing these components from the reac-
tion. The second cluster of interest is [Gd2CrIII2F6(py)6(hfac)6] (40)
[10m] with a rather splendid planar almost-square arrangement of
alternating metals.
For (39) magnetisation data were ﬁtted and showed weak ex-
change between all metals though this was antiferromagnetic. This
ﬁt also suggested ZFS was negligible, as desired. These properties
suggest that chromium(III)–gadolinium compounds could be
among the best 3d–4f coolers. DSM, from both magnetisation
and heat capacity data, reached 28.7 J kg1 K1 (2.2 K, DH =
0–9 T), equivalent to that found for uncoupled ions and above that
expected for an S = 27/2 paramagnet, as discussed elsewhere. Com-
pound (40) shows a smaller MCE of 11.4 J kg1 K1 ((4.1 K, DH =
0–9 T). A similar treatment as above found signiﬁcantly stronger
chromium(III)–gadolinium antiferromagnetic coupling, owing to
the changing CrIII–F–Gd bridging angle; this leads to a much smal-
ler MCE of 11.4 J kg1 K1. The relationship between these angles
and exchange coupling is well established for several systems.
Understanding this could lead to more desirable ferromagnetic ex-
change if this parameter can be manipulated by other factors.4.7. Giant metal cages: forty metal ions or more
The majority of investigations into molecular magnetism tend
to look at clusters up to around ten metals. This can limit their
magnetic entropy changes, as the spin ground state is limited; in
other cases the metal to ligand ratio can be low. One way around
these problems is to use small ligands to increase the percentage
of ‘‘active’’ metal which can be achieved by packing a large number
of metals, so increasing S, into a compact core using a template ap-
proach. This technique was used to synthesise giant metal cages of
forty metals or more, leading to the largest MCE seen for 3d–4f
cages.
4.8. Many metals in a compact cage
[Gd42CoII9CoIII(OH)68(CO3)12(O2CCH3)30(H2O)70](ClO4)25
(CH3CH2OH)n70H2O (41) and [Gd42NiII10(OH)68(CO3)12(O2CCH3)30
(H2O)70](ClO4)2480H2O (42) [13a] have unusual and complicated
bowl-like cores made up of {Gd8}, {Gd6M2} and {M4} units tem-
plated by [ClO4]- anions with the lightweight CO3 and OH ligands.
Carboxylate groups coat the exterior. For (41) although the suscep-
tibility data are not unambiguous in suggesting dominant antifer-
romagnetic coupling, there also being the possibility of an orbital
contribution from the cobalt(II) ion, these are suggested by the dif-
ference between the experimental value of DSM and the theoret-
ical maximum of ca. 52 J kg1 K1, which accounts for the
diamagnetic cobalt(III), assigned by charge balancing. Dominant
antiferromagnetic coupling was also deduced, though the value
of DSM reached 41.3 J kg1 K1 (2 K, DH = 0–7 T), owing to the
large number of isotropic spins and large metal to ligand ratio.
Heat capacity measurements conﬁrmed this, though no DTAD max-
imumwas seen down to the lowest temperatures utilised (2 K). For
(42) DSM = 38.2 J kg1 K1 (2 K, DH = 0–7 T), which for similar
reasons to (41) is smaller than the theoretical maximum value.
This group also synthesised the conceptually similar [Gd36NiII12
(O2CCH3)18(OH)84(O)6(H2O)54(NO3)Cl2](NO3)6Cl930H2O (43) [13b]
cage (DSM = 36.3 J kg1 K1 (3 K, DH = 0–7 T), where this time
chloride and nitrate ligands template the tubular core. Despite
the disadvantages of antiferromagnetic coupling and some ZFS,
the approach taken here, using lightweight ligands, with metals
tightly arranged, was successful, producing a very large MCE in
all cases. Compounds (41) and (42) also have large densities of
around 2.8 g cm3, translating to some of the largest qDSM values
and superior to all but a handful of polymeric compounds, vide
infra.
Extending this to copper(II)–gadolinium compounds led to the
wheel structure {Gd24CuII36} [Gd24CuII36(OH)72(NO3)6(O2CPh)60
(MeOH)6(H2O)12](NO3)639H2O8MeOH18MeCN (44) [13c]
(Fig. 7), which is almost 5 nm in width. This is made up of alternat-
ing hexagonal {CuII6} units in boat-conﬁgurations and {Gd4}
cubanes. Although the larger ligand mass, consequent reduced
metal percentage, and antiferromagnetic interactions deduced
from magnetisation data mean that the maximummagnetic entro-
py change is less than in (41–43), this still reaches 21 J kg1 K1
(2.1 K, DH = 0–7 T), lower than the maximum possible for uncou-
pled spins of around 36 J kg1 K1. Despite several efforts only
Murray et al. (37) have been successful in realising the promise
of copper(II)–gadolinium compounds as high performance cool-
ants, so the potential remains in this area.
4.9. A 4d–4f cage
In a category of its own is the 4d–4f compound [Gd12Mo4O16
(HL)6(OH)4(O2CCH3)12]12MeOH8H2O (45) [14], where H3L is
(E)-2-(2,3-dihydroxypropylimino)methyl)-phenol. This is a tetra-
capped truncated tetrahedron, the caps being the ‘‘ligands’’
Fig. 7. Gd–CuII–O–N core of [Gd24CuII36(OH)72(NO3)6(O2CPh)60(MeOH)6(H2O)12]
(NO3)639H2O8MeOH18MeCN (44): Gd, purple; CuII, green; O, red lines; N, pale
blue lines. (Colour online).
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linium ions was calculated, the nature of this explaining why the
maximum DSM, though relatively large, 35.3 J kg1 K1, is less
than the theoretical maximum for twelve gadolinium ions,
42 J kg1 K1, the MoVI being diamagnetic. Nonetheless this illus-
trates the beneﬁts of different lines of research in approaching
molecular refrigerants.
4.10. Cobalt(II)–lanthanide cubanes
[LnCoII3(hmp)4(OAc)5H2O], where Ln is dysprosium, holmium,
erbium, thulium, ytterbium or yttrium (46–51) [10n] and hmpH
is 2-(hydroxylmethyl)pyridine, make up a set of cubane com-
pounds, where the lanthanide can be selected by the choice of
starting material. Here only the later, and anisotropic, lanthanides
could be selected in this way. Also the cobalt(II) ions, which here
have an octahedral geometry, preclude any rigorous magnetic
analysis by their signiﬁcant orbital contribution. Comparison with
the yttrium analogue (51) suggested overall ferromagnetic cou-
pling for the dysprosium, erbium, thulium and ytterbium com-
pounds. Despite this the maximum DSM values are not
predicted to be large, and reach a maximum of 12.6 J kg1 K1
(5.5 K, DH = 0–7 T) for (46).
4.11. Chromium wheels
There have been two studies on the MCE of chromium wheels
relating to the linked {CrIII7NiII} units, {[NH2Pr2][CrIII7NiIIF8
(O2CtBu)15(O2CC5H4N)]}2[CuII(NO3)2(H2O)] (52) [15a], and the
single ring [Me2NH2][CrIII7CdIIF8(O2CtBu)16] (53) [15b]. These are
beyond the scope of this review, being focussed on detailed mod-
elling of the electronic structure of the former while the latter
builds on theories of the early SMMs investigated, in showing
how their lattice contributions to entropy disfavour their use as
low temperature refrigerants.5. Homo-metallic gadolinium compounds
We have shown several examples of how the lanthanide ion is
the most signiﬁcant contributor to a large MCE in 3d–4f com-
pounds. It follows that homo-metallic 4f compounds could be
superior, although it took several years before this was exploited.
One possible reason is that the familiarity with transition metals
put people off the synthetic challenge, there being higher coordina-
tion numbers to control as well as the initial lack of connection to
the main research on SMMs that was in motion. The discovery of
the ﬁrst lanthanide SMMs in 2003 by Ishikawa brought these met-
als into the forefront of molecular magnetism. There are several
examples of homo-metallic gadolinium compounds investigated
for their MCE properties, ranging from single ions for ultra-low
temperatures to hepta-metallic discs and twenty-four membered
cages. Firstly, though, is a ‘‘proto-type’’ {Gd2} (54) [12d] which
was an exemplar of some important principles of MCE, namely a
low molecular weight and a ferromagnetic interaction.5.1. Lightening up
A feature of most of the molecular clusters analysed is that their
metallic cores are surrounded by a large ligand set. This brings the
disadvantage of a small metal to molecular weight ratio, as ex-
plained above. The 3d–4f compounds with the largest DSM values
were those which incorporated light-weight ligands, though even
these giant clusters were hampered by the antiferromagnetic
interaction and slight ZFS. The prototype {Gd2}, [Gd2(OAc)6(H2O)4]-
4H2O (54), was therefore rather different, having only two metals
and acetate ligands bridging the two metals. Two water molecules
also bond to each gadolinium(III). This gives this compound a gad-
olinium percentage of around 40%, signiﬁcantly larger than in most
3d–4f cages above. Compound (54) Also has the, previously known,
advantage of ferromagnetic interaction between these ions, having
been studied many years previously. Lanthanide compounds had
of course been synthesised for several years prior to the advent
of molecular magnetism and many of the best performers are com-
pounds ‘‘rediscovered’’ with new applications in mind; for a fur-
ther example see also {Gd5} (55) [12b] and (79) [12e], vide infra.
At the time theDSM of 41.6 J kg1 K1 (1.8 K,DH = 0–7 T) was sig-
niﬁcantly higher than that of any other compound. The ferromag-
netic coupling and rapid magnetisation that this entails also led to
large DSM values even under ‘‘mild conditions,’’ reaching ca.
27 J kg1 K1 at 5 K and a 0–1 T ﬁeld change, considerations which
may impact on real-world applications. Heat capacity data found a
maximum DTAD of 12.7 K, the largest found at the time. This was
accompanied by a record efﬁciency, at these low temperatures, of
3 K T1 for a 1 T ﬁeld change.5.2. A great pyramid refrigerant
[Gd5O(OiPr)13] (55) [12b], a square-based pyramid and the iso-
tropic member of a single-molecule magnet family appears an
ideal material for an enormous magnetic entropy change: A low
molecular weight relative to the metal content, with ca. 50% of iso-
tropic, weak coupling metal, and a topology based around triangu-
lar faces, with potential for spin degeneracy via frustration. This
ﬁrst of these properties is made possible because this is an air-sen-
sitive compound, so coordination numbers smaller than usual for
lanthanides can be maintained without ligand bulk, hence the low-
er ligand mass. In fact, DSM is ‘‘only’’ ca. 34 J kg1 K1 (3 K,
DH = 0–7 T), one of the highest, but still much lower than the the-
oretical maximum of 55 J kg1 K1. The overall antiferromagnetic
coupling seems to be the reason for this, despite its weak nature.
Therefore, this is a frustrated system where a simple spin up-spin
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where, are hidden by the extremely slow magnetisation, seen by
comparison against the Brillouin function (which represents the
magnetisation of uncoupled ions). This compound, though, still
outperforms all transition metal compounds at these low temper-
atures. From the S = 35/2 ground state from magnetisation the max-
imum DSM is around 19 J kg1 K1, so the effects of spin
degeneracy are apparent.5.3. Gadolinium discs chill well
The {Gd7} [Gd7(OH)6(thmeH2)5(thmeH)(tpa)6(MeCN)2](NO3)2
(56) [12c] disc (Fig. 8), where tpaH is triphenylacetic acid and
MeCN is acetonitrile, is the ﬁrst 4f cluster to incorporate the triol
ligand thmeH3 and is made up of six vertex-sharing triangles.
Interestingly the triols bridge around the edges of the disc rather
than directing the formation of triangles as in various transition
metal structures. Antiferromagnetic coupling was deduced from
the susceptibility data and slow magnetisation found, which, as
for {Gd5}, is not desirable. The resulting magnetic entropy change
is 23 J kg1 K1 (3 K, DH = 0–7 T), less than the maximum for
uncoupled spins, but more than for an S = 49/2 paramagnet, the
ﬁeld induced ground state, by almost three times, due to the frus-
trated topology and consequent low-lying excited states. These last
two examples suggest that, to improve upon (54), despite increas-
ing the ground spin state, this is not always enough. The maximum
entropy changes could be reached with large and impractical ﬁeld
strengths, though this is not desirable for any applications. Com-
pound (56) Also uses ligands which are bulky and reduce the gad-
olinium content to less than 30%.
The use of another triol ligand N(CH2CH2OH)3, triethanolamine,
is limited to one example (in preparation), namely [Gd2(teaH2)2
(tpa)2(NO3)2] (57) [12f], a dimer where metals are bridged by
one of the alcohol arms. This shows a moderate MCE of
20.3 J kg1 K1 (3 K, DH = 0–7 T), which is expected considering
its antiferromagnetic coupling and low gadolinium content. The
bulky carboxylate ligands in (56) and (57) may be necessary given
the harsh nature of the solvothermal conditions used to prepare
these. Not all gadolinium compounds are suitable for this type of
application!Fig. 8. Gd–O core of [Gd7(OH)6(thmeH2)5(thmeH)(tpa)6(MeCN)2](NO3)2 (56), where
MeCN is acetonitrile, tpaH is triphenylacetic acid and thmeH3 is tris(hyroxymeth-
yl)ethane; colours are Gd, purple; and O, red. (Colour online).5.4. Splendid isolation
The millikelvin range of operation for magnetocaloric materials
is important in space, where satellite sensors must be protected
from the extreme environment. For instance, the Herschel satellite
requires a 260 mK refrigeration with superconducting sensors
needing 50 mK temperatures to operate. Magnetic refrigeration
devices could be useful to replace the 3He dilution technique under
zero gravity. One potential coolant is chromium–potassium alum,
where the magnetic interactions are kept to a minimum by water
molecules separating them; this principle, which also follows from
the previous {Gd4ZnII8} cluster, is encapsulated by {GdW10} and
{GdW30}, more fully Na9[Gd(W5O18)2]35H2O (58) and K12
[GdP5W30O110]54H2O (59) [3c]. These are essentially isolated gad-
olinium ions with little to no interaction, illustrated by Curie-like
behaviour down to very low temperatures. This indicates no order-
ing, down to 10 mK for the {GdW30} compound, this having metal
ions separated in the crystal structure by 15.6 Å, whereas typical
clusters have metals around one third of this distance apart.
Although the full theoretical entropy changes of 2.08 R were
reached, this corresponds to a DSM of only 2 J kg1 K1 (1.3 K)
due to the molecular weight of the tungsten ‘‘spacer’’. However
this will still be more useful than those clusters which show high
MCE values at higher temperatures as below their ordering tem-
peratures this performance will rapidly decrease.5.5. Larger lanthanide clusters
The highest nuclearity lanthanide cluster, [Gd24(DMC)36
(CO3)18(H2O)2]6H2O (60) [12a] (Fig. 9), where HDMC is dimethyl
carbamic acid, along with its dysprosium analogue (61), has a
stacked hexagonal prismatic-type core. Two of these units share
a common plane, making three hexagonal layers of lanthanides
stack, which are capped by non-eclipsing planar {Gd3} triangles.
The relatively small mass of the ligands gives a gadolinium content
of 46%, higher even than in (54). Magnetic data indicated only ex-
tremely weak antiferromagnetic interactions between metals pres-
ent, although this was not modelled. A saturation magnetisation
was achieved at 7 T and 2 K which is rather common in gadolinium
clusters, owing to their tiny anisotropy and weak coupling. This is
obviously useful for magnetocaloric materials, the aim being to
minimise magnetic entropy (saturation) under applied ﬁeld and
maximise this under zero ﬁeld. Lanthanides win this game at both
sides, the spin degeneracy caused by such weak coupling increas-
ing potential zero ﬁeld magnetic entropy. For (60), this gives a
DSM of 46.1 J kg1 K1 (2.5 K, DH = 0–7 T), the largest for a lan-
thanide cluster, with (61), as mentioned above, the largest for aFig. 9. Ln–O core of [Ln24(DMC)36(CO3)18(H2O)2]6H2O (60) and (61), where HDMC
is dimethyl carbamic acid: Gd, purple; O, red lines. (Colour online).
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centage of gadolinium is in 4f cluster synthesis for use as refriger-
ants in sensible ﬁelds, as long as antiferromagnetic coupling is not
so strong.
5.6. Ex uno plures
The strategy which gave the proto-type {Gd2} (54) was ex-
tended by the synthesis of four related compounds [12g], two of
which have led the way to more recent advances in thinking in this
ﬁeld, vide infra. The other two discrete compounds were prepared
by modifying that proto-type. The ﬁrst, [Gd2(OAc)2(Ph2acac)4
(MeOH)2] (62), by adding a methanolic solution of dibenzoylme-
thane (Ph2acacH) and acetic acid to the precursor, and [Gd4(-
OAc)4(acac)8(H2O)4] (63), by addition of a methanolic solution of
triethylamine and acetylacetone, crystals formed from standing
and slow evaporation, respectively.
The former has a structure related to the precursor, whilst the
latter is a linear tetrametallic chain. DSM values of 23.7 and
37.7 J kg1 K1 (2.4 K, DH = 0–7 T), which almost reach the maxi-
mum predicted, are smaller than the precursor owing to the larger
molecular weight. The larger value of DSM in the tetrametallic
compound is again due to the increased percentage of gadolinium
with ferromagnetic exchange being seen for each.
5.7. Porphyrins
The porphyrin complexes [GdTPP(OAc)] (64) and [GdTPP(Cl)]
(65) [12h], where TPP is 5,10,15,20-tetraphenylporphyrinato, had
heat capacity measurements performed on aqueous solutions
above 278 K for 0–1 T ﬁeld changes, so are outside the scope of this
review, the maximum DTAD values being found as ca. 0.2 K.Fig. 10. Gd–MnII–O–C core of [MnII(H2O)6][GdMnII(oda)3]26H2O (71) , where Hoda
is oxydiacetic acid: Gd, purple; MnII, pink; O, red lines; C, blue lines. (Colour online).6. Life in another dimension: polymeric compounds
Although polymeric compounds, such as Prussian Blue ana-
logues, have been known for many years in magnetic refrigeration
research, only recently have investigations of gadolinium one-,
two- and three-dimensional compounds been undertaken and it
is these compounds which show the largest DSM values found
so far, excepting a manganese(II)–gadolinium three-dimensional
compound (71) [16], the only published magnetic entropy change
over 50 J kg1 K1. Amongst others, the authors of this review have
found an improvement upon this with a high-density gadolinium
network (in preparation). The main advantage of polymeric com-
pounds over their zero-dimensional rivals can be their increased
metal percentage found, there being no need to prevent aggrega-
tion with bulky ligands. Thus, these are closer to isolated metals
which necessarily have the highest DSM values for a given metal.
Indeed, it could be argued that the only challenges are to increase
the metal to ligand ratio, given a large S and small D, and ﬁnd high-
er density materials.
6.1. Transition metal polymeric compounds
The Prussian Blue analogues NiII4[CrIII(CN)6]2.66 (66) and
CsI4NiII4[CrIII(CN)6]4 (67) [17] undergo a magnetocaloric effect
due to a ferromagnetic ordering process, the maximum of which
can be shifted by the chemical composition of the material and
number of vacant sites. Magnetisation studies found very similar
DSM values for each of ca. 7 J kg1 K1 under a 0–7 T ﬁeld change,
but at temperatures of ca. 70 and 100 K respectively.
[CoII4(OH)2(C10H16O4)3] (68) [18] is made up of chains of cobal-
t(II) ions linked by long acid groups. Although this work did not
target refrigerants directly, the heat capacity data allowed MCEparameters to be calculated, ﬁnding DSM = 2.4 J kg1 K1 (11 K,
DH = 0–5 T) and DTAD = 1.5 K under the same ﬁeld change. These
were ascribed to a long range ordering effect leading to, reveal-
ingly, an inverse MCE at temperatures above the ordering region,
as antiferromagnetic interactions dominate. This is similar to the
heating measured in (35).
6.2. 3d–4d polymeric compounds
The only 3d–4d compounds measured for their MCE are the re-
lated {MnII(pyrazole)4]2[NbIV(CN)8]4H2O}n (69) and {[NiII(pyra-
zole)4]2[NbIV(CN)8]4H2O}n (70) [19]. The DSM values were
found by magnetisation and heat capacity data to be at the Curie
temperature and are associated with the ferrimagnetic (69) and
ferromagnetic (70) ordering that occurs. Although these are unre-
markable, ca. 6 J kg1 K1 (DH = 0–5 T) and with DTAD around 2 K
(3 K for DH = 0–9 T) the MCE was here used to investigate the
ordering of the materials, rather than a test for their refrigeration
power. The MCE of these network compounds above is associated
with a phase transition. In the gadolinium networks below, the
MCE is ascribed to the spin of the individual metal ions.
6.3. 3d–4f polymeric compounds
6.3.1. A manganese(II)–gadolinium network
The largest DSM found to date in the literature is for [MnII
(H2O)6][GdMnII(oda)3]26H2O (71) [16] (Fig. 10), a three dimen-
sional network which incorporates the twometals with the highest
individual spins, manganese(II) (s = 5/2) and gadolinium (s = 7/2)
into a framework with little additional ligand mass (Hoda is oxydi-
acetic acid). Ferromagnetic interactions were reported between
these ions contributing to the huge value of 50.1 J kg1 K1
(1.8 K, DH = 0–7 T). This is useful down to 1.4 K, heat capacity data
showing the absence of ordering at these temperatures and doubt-
less will be investigated further. The DTAD is around 10.1 K for a
ﬁeld change of only 0–3 T, showing the beneﬁt of ferromagnetic
coupling and the advantage offered at relatively mild conditions
of temperature and ﬁeld. The entropy change at only a 1 T ﬁeld
Fig. 11. Part of the three-dimensional structure [Ln(O2CH)3]n (79); Ln, purple; O,
red; lines: C, blue lines; no H shown. (Colour online).
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material GGG, or [Gd3Ga5O12]n, (72) [2e], a gadolinium gallium gar-
net, which reaches around 20 J kg1 K1 for a 2 T ﬁeld change, con-
ﬁrming how promising a refrigerant (71) is. The slight downside of
this compound is its relatively low density compared to GGG, 2.2
versus 7.1 g cm1 respectively. This large density is the key to
GGGs deceptive importance, which may not be apparent from
DSM considerations alone.
6.3.2. Zinc(II)–Ln5 nodes
{[Ln5ZnII(BPDC)3(H2O)10(OH)6](CO3)0.5(NO3)4nH2O]n, where Ln
can be gadolinium (73) or dysprosium (74) [20] and H2BPDC is
4,40-dicarboxylate-2,20-dipyridine, is made up of a trigonal bipyra-
midal unit {Ln5}, interspersed with a {ZnII(BPDC)3} unit, into a
three dimensional network. The maximumDSM of 30.7 J kg1 K1
(3 K, DH = 0–7 T), which is only approaching the maximum possi-
ble due to antiferromagnetic coupling. The dysprosium compound
reconﬁrms previous ideas concerning anisotropy, the maximum
calculated change being around three times larger than that found
experimentally.
6.3.3. Et cetera: gadolinium goes on and on and on
The polymeric [Gd(OAc)3(MeOH)]n (75) and [Gd(OAc)3-
(H2O)0.5]n (76) [12g], were prepared from [Gd2 (OAc)6(H2O)4]4H2O
(54) and both show an improvement in DSM over the precursor
on account of their larger gadolinium content. These are one-
dimensional chain compounds where an extension of the acetate
bonding mode allow formation of a chain, so decreasing the num-
ber of capping groups required. Comparing these to (54) one sees
an increase of more than 10% in gadolinium content resulting in
a DSM of 45 and 47.7 J kg1 K1 (1.8 K, DH = 0–7 T) respectively,
showing how chemical control of ligand arrangements could inﬂu-
ence the MCE positively. Although there is similar magnetism in
the ﬁrst compared to (54), the second shows antiferromagnetic
coupling probably due to slight geometrical changes. Therefore,
although the one has a larger ‘‘headline’’ ﬁgure, the ferromagneti-
cally coupled chain could be more useful for applications, as it of-
fers improved performance under milder conditions.
6.3.4. Networking and the formation of lightweight carboxylate
polymers
The formate ligand, (O2CH), derived from formic acid, is an
attractive choice for gadolinium network formation in magnetic
refrigeration. It is small and can give polymeric materials with
large gadolinium contents. Because of its small size the materials
formed can have high densities, which may have practical implica-
tions. The following are three gadolinium networks which incorpo-
rate this ligand, all amongst the very best performing refrigerants
by their DSM values. The magnitude of this is proportional to
the percentage of metal, as it is for all the gadolinium networks
here.
[Gd(O2CH)(OAc)2(H2O)2] (77) [12i], a two dimensional network,
where each metal is eight coordinate and linked to one adjacent
metal through each formate group, forming a chain-like arrange-
ment. The antiferromagnetic coupling, which is very weak, is al-
most unimportant here because the maximum entropy change of
45.9 J kg1 K1 (1.8 K, DH = 0–7 T) is very nearly the maximum va-
lue allowed. The three dimensional MOF [Gd(O2CH)(C8H4O4)] (78)
[12j], is composed of dimer units of eight coordinate metals, which
form layers and these are linked by benzene–dicarboxylate acid
groups. DSM is larger than (76) [12g] only at a larger ﬁeld change
of 0–9 T and 2.3 K, reaching 47.0 J kg1 K1. This compound is para-
magnetic down to 1.8 K, with Curie-like behaviour, with extremely
small interactions between metals in each unit. The [Gd(O2CH)3]n
(79) [12e] compound (Fig. 11), currently being investigated by our-
selves and others (in preparation) has an even higher maximumthan this of around 55 J kg1 K1 , with an enormous DTAD, of
around 25 K (around 2 K and DH = 0–7 T), superior to the GGG
standard compound (72) [2e]. The density of (79), around
3.9 g cm3, leads to a much larger maximum qDSM compared
to GGG of 210 mJ cm3 K1 (GGG reaches 191 mJ cm3 K1, vide
supra), though one must be careful in comparing directly. Indeed,
another feature of GGG is its high performance under very mild
conditions of ﬁeld and here the two (79) and (72) are more compa-
rable [12e].
Two further three-dimensional compounds, namely [Gd2
(fum)3(H2O)4]3H2O (80) [12k], where fum is fumarate, and
[Gd2(N-BDC)3(dmf)4] (81) [12i], where N-HBDC is 2-amino-1,4-
benzenedicarboxylic acid, show DSM values of 20.7 and
29.0 J kg1 K1 (at 1.3 K, DH = 0–5 T and 1.8 K, DH = 0–7 T, respec-
tively), the ﬁrst an early example of how these materials could
compete with the gadoliniummolecular clusters that were attract-
ing much attention at the time. Interestingly, (80) shows a DTAD of
more than 10 K (at ca. 12 K, DH = 0–5 T), giving a large efﬁciency
comparable to proposed alloys for low temperature refrigeration,
making this material more useful than it might appear from con-
siderations of only the magnetic entropy change.
The fact that of the nine or so compounds which show DSM
values over 40 J kg1 K1, six are non-zero dimensional suggests
that these are the most promising. When one takes qDSM as a
guide the distinction becomes almost abrupt, with the best per-
forming polymeric compounds vastly superior to all but (41) and
(42), which come quite close (see S.I. Table for more of these
parameters and the dimensionalities of these compounds). Zero-
dimensional compounds, though, should not be discounted as they
offer ways to control various parameters of spin and anisotropy in
order to investigate new ideas and theories that could not other-
wise be seen.
7. Onwards
Despite the advantages of gadolinium(III) compounds, (71) [16]
shows that transition metal–gadolinium compounds are strong
candidates in this ﬁeld, along with formate networks. Whilst we
cannot tell the future, we can forecast some likely developments
in this ﬁeld. Many metal clusters containing lanthanides will prob-
ably be assessed for their MCE properties, but show no improve-
ment on those already published; the development of network
materials will probably grow rapidly, these offering many advanta-
ges over 0-D compounds, as shown; the use of radical ligands [21]
so minimising the redundancy of ligand mass would be an
interesting test, particularly with a ferromagnetic interaction with
J.W. Sharples, D. Collison / Polyhedron 66 (2013) 15–27 27gadolinium; we can also speculate as to whether the recently
found strongly coupled lanthanide systems would actually hinder
the MCE, by increasing the energy of the previously low-lying ex-
cited states. At some point in the future doubtless there will be a
large expansion in the practical application of this technology, so
perhaps this requires more collaboration with materials chemists
and engineers. We are sure, though, that there are more advances
to come.
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